Abstract. In this talk I discuss the possible use of two-particle transfer intensities as a signature of sharp shape transitions. I first consider simple models of phase transitions based on algebraic bosonic approaches, including the case of shape coexistence, showing a dramatic change in the pair-transfer probabilities in corrispondence of the critical points. Moving then to a microscopic description of both structure and reaction aspects, I consider as an example the complete series of (t,p) reactions populating the isotope chain of even Zirconium nuclei, to the ground state and to excited 0 + states. One-and two-particle spectroscopic factors derived from Monte Carlo Shell Model calculations are used, together with the sequential description of the two-particle transfer reaction mechanism. The calculation shows a clear signature for a shape phase transition between the spherical 98 Zr and 100 Zr, which displays a coexistence of a deformed ground state with an excited spherical 0 + state. As a result one predicts a weak twoparticle cross section from the spherical 98 Zr to the deformed ground state of 100 Zr, with instread a strong population of the spherical excited 0 + state.
The values of the energy of the first 2 + state, the ratio E 4 /E 2 and the intensities of the electromagnetic E2 transition connecting ground state and the first excited 2 + state have traditionally been used as order parameters for the shape transitions taking place along a chain of isotopes (or isotones). The discrete control parameter is in these cases given by the number of neutrons (or protons). Two-particle transfer processes, in particular those populating in even-even nuclei the ground state and the other 0 + states, can however provide an additional and complementary clear-cut signature of the occurrence of such phase transitions. In particular one expects at the critical point a sudden weakening of the ground-to-ground pair transition process and a corresponding abnormally strong population of one (or more) excited 0 + states. The characteristic pattern of the pair response should signal not only the occurrence of a shape phase transition, but also the nature of this transition.
The essential quantity that characterizes the system from the pairing point of view is given by the "pairing response", namely the square of the matrix element of the pair creation (or removal) operator P + = j [a † 208 Pb with all 0 + states in 210 Pb. The unperturbed response is compared to the one obtained within the particle-particle Tamm-Dancoff and RPA formalism. See Ref. [2] .
of nucleus with N+2 (or N−2) neutrons (cf. for example Ref. [1] ). For simplicity we have considered two-neutron pair operators, but the same arguments would be valid, with proper adjustments, for a proton pair or a proton-neutron T = 1 pair. A typical pairing response in illustrated in Figure 1 , referring to the case of pair addition in 208 Pb. The response obtained using particle-particle TammDancoff or RPA approximation is compared with the unperturbed one. As it is clear from the figure, the inclusion of the residual pairing interaction is strongly enhancing the transition to the ground state, depaupering correspondingly the transition to the excited states. Notice only that the shell gap in the particle-hole states generates the possible occurrence of a second collective state at higher excitation energy (around 2 ω), namely the Giant Pairing Vibration.
The pairing response clearly depends on the pairing phase, so a different behavior is expected in the "pairing vibration" regime around closed shells and in the "pairing rotational" regime in the open shell. An example of the ground-toground pair strength connecting even Tin isotopes is shown in Figure 2 . The calculation, performed within the Hartree-Fock-Bogoliubov model with Skyrme interaction SLy4 and surface-peaked pairing interaction, clearly displays the pairing vibrational behavior around the A=100 and A=132 doubly closed shells and the transition to the superfluid rotational behavior at middle shell. But the pairing response is not only changing when the "pairing phase" changes. A variation
Pairing Vibration
Pairing Rotation Figure 2 . Pair strength connecting the ground states along the chain of even Tin isotopes, obtained in HFB with Skyrme interaction SLy4 and pairing interaction of surface-peaked form. The three calculations refer to different approximation schemes. For details cf. Ref. [3] .
of the pair-transfer strength is also expected at the critical points associated to a change of shape of the system along an isotope chain, for example from sphericity to axially-symmetric deformation or to gamma-instability.
To illustrate this point different structure models can be used. A rather simple approach is based on the Interacting Boson Model, by describing series of isotopes in terms of schematic hamiltonians that abruptly performs a transition from U (5) to either O(6) or SU (3), i.e. from a spherical behavior to the situation of γ-instability or deformed axial symmetry [4, 5] . In the example shown in Figure 3 the transition has been assumed to take place at number of boson N = 9. Within the IBM the pair creation operator, in leading order, is given just by the s † operator and one can evaluate the corresponding pair addition intensities obtained by taking the square of the matrix element connecting the ground state in system N with the ground and excited state in N +1. These intensities (for the full response) are shown in Figure 3 for both transitions (U (5) to O(6) and U (5) to SU (3)). The figure displays a clear "anomaly" for the pair strength across the change of phase. The pair strength, normally concentrated in the ground-to-ground transition, appears completely fragmented in correspondence of the critical situation, with the ground-to-ground transition that is drastically reduced.
A different physical scenario is that of shape coexistence, where different shape phases occur within the same nucleus and we may face the situation of a (slow or rapid) progressive mixing of spherical and deformed states, eventu- 
Two-Particle Transfer Reactions
ally leading to the interchange of the dominant component of these states in the ground state. Again we can have a first guess of the consequences of this situation on the pair-transfer processes within a simplified IBM-like framework. Following the idea of Ref. [6, 7] we can assume for each system characterized by N valence bosons a possible mixing of a "spherical" state obtained within an IBM U(5) hamiltonian with another "deformed" 0 + state obtained within a SU (3) hamiltonian with N+2 bosons, microscopically originated by a 2p-2h core excitation. In this case the pair creation operator will be in leading order given by (s † + s), since we can either add a valence-like boson or destroy the "hole-like" boson. Assuming a sharp transition with increasing number of particles from a fully spherical ground state to a fully deformed ground state (passing from N = 4 to N = 5, cf. inset in Figure 4) , we obtain the pair transfer intensities shown in Figure 4 . As in the previous case a clear discontinuity appears at the transition point. However, at variance with the previous case, the pair strength is always practically concentrated in a single state, without the fragmentation illustrated in Figure 3 .
We move now from schematic models to a fully microscopic calculation, for both reaction mechanism and structure. We take the case of (t,p) reactions on even-mass Zirconium isotopes, where experimental data at E = 20 MeV are available [8] at least for the lighter systems, i.e. up to 96 Zr(t,p). Novel interest on Zirconium isotopes has arised from the recent shell model calculations [9] that indicate in these nuclei a possible case of shape coexistence with a first sharp transition occurring between 98 Zr and 100 Zr (cf. Figure 5 ). The situation, although much richer, seems therefore to basically resemble the schematic case of shape coexistence displayed in Figure 4 .
We have therefore calculated the two-particle trasfer probabilities across the phase transition up to 100 Zr(t,p) to the ground and excited 0 + states. In parallel with a detailed microscopic structure description, the reaction process has been also described in microscopic terms. In particular the reaction mechanism has been assumed as the "correlated" sequential single-particle transfer through all intermediate states in the A+1 odd system. Optical models parameters have been taken as in Ref. [8] and single-particle wave functions for the construction of the single-particle form factors have been generated within a Saxon-Woods potential adjusted to yield the proper single-particle energy. This reaction mechanism generates a dynamical dependence on each specific orbit on which the pair is transferred. The transfer probabilities become therefore sensitive not simply to the value of the "global" pair strength, but also to the details of microscopic wave functions [11] . This is better evidenced in Figure 6 where the cross sections associated with single-particle orbits are reported in the case of the 96 Zr(t,p) 98 Zr reaction. The collective effects in the pair trasfer process comes from the correlations present in both initial and final states that induce a coherent and constructive interference of all the sequential paths (cf. Refs. [1, 10] and references therein). In our case this coherence is obtained by using the two-particle and single-particle spectroscopic amplitudes provided by tion to the π-and ρ-meson exchange tensor force parameters of the central part were fixed from components of known SM interactions [37] . Th of the V MU interaction is kept unchanged throu work. The T =1 central part is reduced by a fac except for 1 f 7/2 and 2p 3/2 orbits. On top of two-body matrix elements for 0g 9/2 and above ing those given by the SNBG3 interaction, are by using the standard method [38, 39] Fig. 1(a) in comparison ment. The sudden increase at N=60 is seen i periment and calculation, approaching the rotat 10/3, indicative of a rather rigid deformation. Th for N ≤58 suggests a seniority-type structure w from the Z=40 semi-magicity. Figure 1(b) shows the properties of 0 + 1,2 sta shapes are assigned in the same way as the 2 + s ground state remains spherical up to N=58, an prolate at N=60. A spherical state appears as t at N=60 instead, as shown in Fig. 1(b) . We h how the shape assignment is made for the MC state. The MCSM eigenstate is a superposition basis vectors projected onto the angular mom parity. Each basis vector is a Slater determinan rect product of superpositions over original sing states. The optimum amplitudes in such superpo searched based on quantum Monte-Carlo and methods [4, 20] . For each MCSM basis vector s can compute and diagonalize its quadrupole m gives us the three axes of the ellipsoid with quad menta Q 0 and Q 2 in the usual way [2] . One ca this MCSM basis vector as a circle on the Poten Surface (PES) , as shown in Fig. 2 tion to the π-and ρ-meson exchange tensor force parameters of the central part were fixed from components of known SM interactions [37] . Th of the V MU interaction is kept unchanged throu work. The T =1 central part is reduced by a fac except for 1 f 7/2 and 2p 3/2 orbits. On top of two-body matrix elements for 0g 9/2 and above ing those given by the SNBG3 interaction, are by using the standard method [38, 39] . The obs els of the 2 + 1 and 4 + 1 states of 90−96 Zr and the 0 94−100 Zr are then used. Since the number of ava is so small, this cannot be a fit but a minor imp The single-particle energies are determined so as sistent with the prediction of the JUN45 Hamil observed levels of 91 Zr with spectroscopic factor present SM Hamiltonian is, thus, fixed, and no made throughout all the calculations below. It i version, and can be refined for better details. + s ground state remains spherical up to N=58, an prolate at N=60. A spherical state appears as th at N=60 instead, as shown in Fig. 1(b) . We h how the shape assignment is made for the MC state. The MCSM eigenstate is a superposition basis vectors projected onto the angular mom parity. Each basis vector is a Slater determinant rect product of superpositions over original sing states. The optimum amplitudes in such superpo searched based on quantum Monte-Carlo and methods [4, 20] . For each MCSM basis vector so can compute and diagonalize its quadrupole ma gives us the three axes of the ellipsoid with quad menta Q 0 and Q 2 in the usual way [2] . One can this MCSM basis vector as a circle on the Potent Surface (PES) , as shown in Fig. 2 Fig. 2(b) ). A similar prolate shape dominates the 0 + 1 state of 100 Zr with slightly larger Q 0 , as shown in Fig.2(c) . We point out the abrupt change of the ground-state property from Fig. 2(a) to (c), and will come back to this point later. The T-plot shows stable prolate shape for the 0 + 1 state from 100 Zr to 110 Zr (see Fig. 2(d) ). N=58. This sharp crossing causes the present QPT. discontinuities of various quantities, one of which ca assigned the order parameter, at the crossing point i the first-order phase transition. The shape transition been noticed in many chains of isotopes and isotones appears to be rather gradual in most cases, for inst from 148 Sm to 154 Sm. The abrupt change in the Zr iso is exceptional.
We comment on the relation between the QPT an modifications of the interaction mentioned above. W out them, the 2 + 1 level is still ∼0.2 MeV at N=60 to Fig. 1(a) , while at N=58 it is higher than the val Fig. 1(a) . Thus, the present QPT occurs rather insensit to the modifications, whereas experimental data can be + states, with the associated deformations indicated in the inset. Lower frame: ground-state deformation for the different isotopes. Adapted from Ref. [9] the Monte Carlo Shell Model calculation of Ref. [9] . The largest two-particle amplitudes are reported in Table 1 96 Zr(t,p) 98 Zr at 30 MeV when the two particles are transferred in a pure single-orbit configuration. The thick solid line gives the result in the case of correlated wave function according to the two-particle amplitudes, the largest being given in Table 1. is evidenced by the enhancement of the correlated cross section with respect the single particle estimates, as evidenced by Figure 6 . Figure 7 summarizes the results for the full sequence of transfer reactions. The comparison with the experimental data [8] is done by reporting the value of the differential cross section at the first maximum (excluding θ = 0). The overall behavior reproduces the experimental trend, when available. As expected from the amplitudes given in calculation predicts a large population of the fourth 0 + state in 100 Zr, which displays a "spherical" behavior as the target 98 Zr(gs). Continuing beyond the critical point, we predict again a relatively weak population of the ground state in 100 Zr(t,p) 102 Zr, although the reaction connects now two deformed systems with practically the same deformation. In this case this is not due to a structure effect (cfr. the large spectroscopic factors associated with the h 11/2 orbit in Table 1) but to the reaction mechanism that does not favor the transfer of a pair in the h 11/2 single-particle level.
